Abstract The total electron content (TEC) is one of the most useful parameters to evaluate the behavior of the Martian ionosphere because it contains information on the total amount of free electrons, the main component of the Martian ionospheric plasma. The Mars Express Mars Advanced Radar for Subsurface and Ionosphere Sounding (MARSIS) radar is able to derive TEC from both of its operation modes: (1) the active ionospheric sounding (AIS) mode and (2) the subsurface mode. TEC estimates from the subsurface sounding mode can be computed from the same raw data independently using different algorithms, which should yield similar results. Significant differences on the dayside, however, have been found from two of the algorithms. Moreover, both algorithms seem also to disagree with the TEC results from the AIS mode. This paper gives a critical, quantitative, and independent assessment of these discrepancies and indicates the possible uncertainty of these databases. In addition, a comparison between the results given by the empirical model of the Martian ionosphere developed by Sánchez-Cano et al. (2013) and the different data sets has been performed. The main result is that for solar zenith angles higher than 75°, where the maximum plasma frequency is typically small compared with the radar frequencies, the two subsurface algorithms can be confidently used. For solar zenith angles less than 75°, where the maximum plasma frequency is very close to the radar frequencies, both algorithms suffer limitations. Nevertheless, despite the solar zenith angle restrictions, the dayside TEC of one of the two algorithms is consistent with the modeled TEC.
Introduction
The total electron content (TEC) in the atmosphere is defined as the number of free electrons contained in a column with the cross section of 1 m 2 along a vertical propagation path from the planetary surface to a point above the atmosphere. This relation is expressed as the integral of the electron density along a path in the ionosphere, given by
where h i and h f are the initial and final points of the path, respectively. If the objective was to obtain the TEC of the whole electron content in the atmosphere, in the ideal case, h i would correspond to 0 km and h f to infinity. The units of TEC are electrons per square meter, and conventionally, 10 16 el/m 2 is defined as 1 total electron content unit (TECu), 1 TECu = 10 16 el/m 2 . On Earth, typical vertical TEC values range between 10 17 and 10 18 el/m TEC can be determined by measuring the travel time difference for two signals with frequencies f 1 and f 2 along the same propagation path in the ionosphere (as is done on Earth for GPS [e.g., Kintner and Ledvina, 2005] ). Due to electromagnetic dispersion within the ionospheric plasma, signals at different frequencies reach the receiver at different times. If this time difference is denoted as Δτ, then TEC can be calculated using the following equation [Kintner and Ledvina, 2005] , assuming that the difference between the two frequencies is small and the maximum plasma frequency of the ionosphere is much smaller than the two frequencies:
TEC ¼ cΔτ 40:3
where c is the speed of light in vacuum.
TEC is useful in characterizing or monitoring the ionosphere. On Earth, for example, it affects satellite communications and position determination with Global Navigation Satellite Systems [e.g., Pi et al., 1997; Jakowski et al., 2001] . TEC measurements are used for ionospheric studies such as the analysis of solar activity effects or the monitoring of ionospheric equatorial anomalies [e.g., Aarons et al., 1996; Leitinger et al., 2000] or large-scale plasma redistribution through storms [e.g., Mitchell et al., 2005] . Any system based on the propagation of radio waves through the ionosphere and performing accurate time delay measurements requires knowledge of TEC [Klobuchar and Aarons, 1973; Budden, 1985] .
Since mid-2005, TEC has been estimated at Mars using data from the MARSIS (Mars Advanced Radar for Subsurface and Ionosphere Sounding) radar [Picardi et al., 2004] on board Mars Express [Chicarro et al., 2004] . This instrument is able to run in two operational modes. In the AIS (Active Ionospheric Sounding) mode [e.g., Gurnett et al., 2005; Morgan et al., 2013] , MARSIS works as a topside ionospheric sounder. Ionograms from AIS are interpreted to obtain the electron density as a function of altitude between the main electron density peak and the spacecraft, i.e., the topside, which is then integrated to obtain TEC for the part of the ionosphere above the maximum density peak. In principle, TEC for the entire ionosphere can be estimated measuring the time delay of the surface echo, but the accuracy of this determination appears to be low . In the subsurface sounding mode, TEC is derived as a by-product from the analysis of signal distortion caused by the dispersive ionosphere [Safaeinili et al., 2007; Mouginot et al., 2008; Cartacci et al., 2013] .
MARSIS cannot operate in these two modes simultaneously. Therefore, comparison or intercalibration between the two data sets is usually done by comparing data acquired in different modes at closely spaced time intervals along an orbit. In some cases, MARSIS has operated using the two modes in an interleaved way, switching from one mode to the other every 5 min. The active ionospheric sounding mode provides TEC estimates only for the topside of the ionosphere, while in the subsurface sounding mode, TEC for the entire ionosphere can be obtained.
TEC estimates from subsurface data have been computed independently using two different methods:
(1) the one explained in Safaeinili et al. [2003 Safaeinili et al. [ , 2007 and Mouginot et al. [2008] , hereafter Mouginot et al., and (2) the method described in Picardi et al. [2008] and Cartacci et al. [2013] , hereafter Cartacci et al. Both TEC methods are well-founded techniques largely used by the scientific community and based on wave propagation theory in the ionosphere (see previous references for more detail), which is characterized by the refractive index n, where
and z is the altitude from the surface of the planet, f is the MARSIS carrier frequency, and f p is the plasma frequency. This last term can also be written as f p z ð Þ ¼ 8:98 ffiffiffiffiffiffiffiffiffiffiffi N e z ð Þ p , where N e (z) is the electron density altitude profile. The ionosphere causes a frequency-dependent phase shift, Δφ(f), that defocuses the subsurface radargram and is given by
where ℜ stands for the real part of the expression, c is the light speed in the vacuum, and h 1 and h 2 are the lowest and highest altitudes of the traversed path in the ionosphere. This equation takes into account the two-way propagation of the signal (spacecraft-planet-spacecraft). Equation (4) can easily be represented by a Taylor expansion, from which TEC is obtained. However, the differences between both algorithms start here. On the one hand, the method of Mouginot et al. maximizes the signal-to-noise ratio (SNR) through the differential variation of the signal phase to obtain the best possible radargrams. This method uses a Chapman profile (equation (5)) to determine the initial values of the fitting for describing the ionospheric electron density profile, assuming that for one orbit, the neutral scale height, H, and the maximum electron density when the solar zenith angle is 0, n o , are constants. Such that N e is given by
Here h o is the height of the maximum production rate when the Sun is overhead (solar zenith angle 0), and Ch is the Chapman grazing incidence function [Mouginot et al., 2008] . This method estimates H, n o , and N e , taking advantage of the Taylor expansion of equation (4), by doing an optimization of the SNR of the surface echo. Also, this method uses an external data set (surface range from the altimeter Mars Orbiter Laser Altimeter (MOLA) on board Mars Global Surveyor) to constrain the ionospheric correction. At the end of the process, the outputs are not dependent on any model. TEC estimates thus obtained are available at the Planetary Science Archive (PSA) of the European Space Agency (http://www.rssd.esa.int/index.php?project=PSA).
On the other hand, the algorithm of Cartacci et al. is based on the so-called contrast method [Picardi and Sorge, 2000] , which was developed to correct phase distortion, and it is implemented in MARSIS onboard software, as well as in the ground processing software [Picardi et al., 2004] . The TEC is not directly produced by the Contrast Method; it is obtained by the elaboration of the phase term a 2 (a quadratic phase term, equation (6)), where
is a direct output of the Contrast Method (equation (7))
Here the integral limits h 1 and h 2 of equation (4) are considered as h 1 = 0 and h 2 = L, where L is the ionosphere thickness, f 0 is the central frequency of the radar signal band, and the last integral stands for the TEC. In this process, the shape of the signal main lobe (not the SNR) is optimized. At the end of the process, the outputs are not dependent on any model. The term a 2 is empirically estimated (see equations A1 and A2 in the Appendix of Cartacci et al. [2013] ) from the initial value zero, used for the first step of the first frame processed by the Contrast Method. Since the Contrast Method was designed to work mainly during the nightside where the peak plasma frequency is much lower than the MARSIS carrier frequency, the approximation made from equations (6) and (7) yields a possible overestimation for the measurements with solar zenith angle smaller than 80°.
MARSIS TEC Discrepancy: Description of the Problem
The two TEC retrieval methods based on subsurface data should yield similar results, at least within the uncertainties of each method, since they use the same data set. However, significant differences in the results have been observed. Attempts to explain such differences using numerical simulations or TEC estimates based on other measurement techniques, such as radio occultation, have been so far unsuccessful. It is important to note that TEC from the MARSIS subsurface mode is best taken on the nightside. On the dayside, this parameter is more difficult to retrieve because of dispersion delay, absorption, and attenuation as a result of the higher plasma frequency, and the separation of plasma frequency from operational frequency is therefore relatively small. It is for this reason that subsurface measurements are not taken when the solar zenith angle (χ or SZA) is lower than 60° [Mouginot et al., 2008] . On the other hand, TEC from the MARSIS AIS mode is nonexistent or difficult to obtain on the nightside because the profile is not well detected at low plasma frequencies [see Gurnett et al., 2008] . Thus, the only location where the best comparisons between both methods can be made is around the terminator.
It was expected that the two techniques for estimating TEC based on the subsurface data would broadly agree and that the AIS-derived TEC would be about 30% lower for a solar zenith angle of 60°( estimated values from radio occultation profiles; see also Discussion section and Figure 10 ). However, the two methods based on subsurface data produce similar results only at night and close to the terminator, while they differ significantly in the dayside, with increasing discrepancy at decreasing solar zenith angles. Figure 2 . The scatter clearly increases on the dayside. All methods converge in the nightside beyond the terminator. On the dayside, the discrepancy can be up to 1 TECu at solar zenith angle of 60°, which is the same order of magnitude as the TEC value itself. It is important to remark here that the level of uncertainty is difficult to estimate, since the TEC is a by-product of a very complex data processing technique (see Discussion section).
From these observations, the following preliminary conclusions can be drawn:
1. The maximum difference of TEC among all the data set and techniques can be easily up to 1 TECu on the dayside. 2. On the nightside, the data are more consistent, although the differences can remain a factor of 2. 3. The discrepancy in the results processed from the same data set with two different techniques is of concern. Mouginot et al.'s method does not suffer from the same approximation as Cartacci et al.'s method and is expected to be more robust. However, this method produces results that are inconsistent with topside sounder data. On the contrary, although the method by Cartacci et al. is expected to overestimate the dayside TEC by about 10% because of some approximations of the contrast method (see Cartacci et al. [2013] and Discussion section), it produces results that are consistent with topside sounder estimates.
Moreover, Lillis et al. [2010] showed that the behavior of Mouginot et al.'s data could be reproduced fairly well using the general Chapman theory. Mendillo et al. [2013] compared a 2 year sample of this data set with the TEC computed using a one-dimensional ionosphere model [Mendillo et al., 2011] , with the aim of studying the ionospheric variability. This model was run for two specific intervals of local time and for two of latitude, getting an acceptable agreement in morphology patterns for such average conditions. Their main conclusion was that model-data comparisons were reasonably successful. Similarly, Campbell et al. [2014] in a first approximation compared this data set with the TEC obtained from the subsurface radar SHAllow RADar (SHARAD) [Seu et al., 2007] on board Mars Reconnaissance Orbiter probe, concluding that the maximum average TEC value from SHARAD observations for solar zenith angles near 30 and 90°agrees well with Mouginot et al.'s TEC measurements from Mars Express.
Statistical Analysis
In order to advance further the understanding of the variability in the MARSIS data sets, a statistical analysis has been carried out. Nineteen Mars Express orbits with MARSIS data acquired in both operational modes were selected, five of them belonging to a special interleaved mode campaign, which the Mars Express project runs specifically for this purpose. The list of orbits is available in Table 1 . Journal of Geophysical Research: Space Physics 10.1002/2014JA020630
MARSIS Subsurface Mode Data Sets
The signal distortion due to the ionosphere is a problem for the MARSIS subsurface mode. Thus, MARSIS measurements for solar zenith angle lower than 60°are usually avoided [Mouginot et al., 2008] . To see the effect of the solar illumination on the data, TEC from Cartacci et al. and Mouginot et al. for the 19 selected orbits have been compared (Figures 3 and 4 ). Since subsurface data are based on the signal-to-noise ratio (SNR), which is computed by taking the ratio between the brightest echo within a frame with the average power of the background noise, a data quality indicator or "flag" is provided on the data files. A value of 1 means that the SNR is greater than 15 dB (considered good data), while a value of 0 means that the SNR is lower (considered bad data). Data with flag 0, effectively an SNR less than 15 dB, have not been considered in this study. In addition to flagged data that are suspect, the data set of Cartacci et al. occasionally includes unexplained large and narrow spikes in TEC. To our knowledge, these spikes are not related to any ionospheric phenomena, and for that reason, in this comparison, the spikes have also been omitted from further analysis.
The final data used in this work were split into three different solar zenith angle intervals: dayside (60°< χ < 75°), dayside/terminator (75°< χ < 90°), and nightside (χ > 90°). The amount of useful data from these orbits is 6232 TEC values for the dayside, 2003 for the dayside/terminator, and 2538 for the nightside. In Figure 3 , the absolute differences of the TEC from Cartacci et al. and Mouginot et al.' s methods for the 19 selected orbits are presented. Figure 3c shows that for χ > 90°, there are no significant differences between the two methods: the mean and median of the absolute differences are less than 0.007 TECu with a standard deviation of 0.05 TECu. It indicates that both methods agree extremely well for the nightside data, when the distortion effect of the ionosphere is not substantial. Close to the terminator, 75°< χ < 90°, where the day-to-night ion transport can be significant (Figure 3b ), a slight difference starts to appear between the two methods: an average difference of 0.09 TECu for the mean and median absolute variations and the standard deviation of the differences is 1 order of magnitude higher, reaching 0.11 TECu. However, these differences are small enough to be considered within the margin of error (see Discussion section), and the increment by 1 order of magnitude most likely is due to the ionosphere developing during dawn/dusk conditions. The dayside is where the discrepancy is most noticeable (Figure 3a) . Here the mean and median of the absolute differences reach ), Mars heliocentric distance in the fourth column, solar longitude in the fifth column, and an indication of the orbit belonged to the special Mars Express interleave campaign carried on to compare TEC from both operational modes in the sixth column.
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0.27 TECu, with a dispersion characterized by a standard deviation of 0.17 TECu. Clearly, the differences can be attributed to the dayside ionosphere, the effects of which are not well interpreted by the retrieval algorithms. This discrepancy is large and can be higher than a third of 1 TECu, which is 30% of the typical TEC value on the dayside. Furthermore, the ionospheric distortion in the electromagnetic signals can be observed in the data spread: the standard deviation is 1 order of magnitude higher in the case of the dayside compared with that for the nightside. This is probably due to the effects of the dayside ionosphere, because the frequencies used by MARSIS on the dayside are closer to the maximum plasma frequency than on the nightside and because TEC shows a large day-to-day variability on the dayside [see, e.g., Withers et al., 2012] .
Finally, these two data sets have been compared by plotting their ratio (Figure 4 , top), which can be useful to look for systematic trends. The ratio departs from the 1:1 dependence (black dashed line) and is equal to about 1.41, with a larger scatter on the dayside. In fact, when only data from night and terminator (green and red points) are considered, the ratio is 1.14, considerably closer to the expected 1:1 dependence. The ratio values are the slope of the best fit lines. If in the future, the comparison between the two techniques is carried out, from a theoretical or simulation point of view, it would be useful to see whether a similar ratio can be found. However, in this plot, a group of points are observed clearly far away from the general trend. These data, which have been plotted separately in Figure 4 (bottom), correspond to the Mars Express orbit 6458. While in the daytime, the results for this orbit are consistent with the ratio obtained in Figure 4 (top) in the terminator, and in the nighttime, Mouginot et al.'s technique provides TEC values higher than Cartacci et al.'s This fact is peculiar since for solar zenith angles higher than 75°, both algorithms are expected to be more robust because of the weak plasma ionization.
Subsurface Mode MARSIS Data Versus AIS Mode MARSIS Data
Here we investigate the TEC from the two algorithms using the subsurface mode with TEC estimates from the AIS mode. For a given Mars Express orbit, the heliocentric distance, solar (Table 1) , ionospheric and subsurface measurements are consecutive. This means that they were never acquired at the same time. This characteristic, although useful to visually examine the consecutive data, can be a weakness in the statistical comparison. Therefore, to compare data acquired in subsurface and ionospheric modes at the same position, it has been decided to compute the best fit to the subsurface data. Then, an interpolation/extrapolation of this best fit curve was done for the solar zenith angle or latitude condition of all ionospheric data ( Figure 5 ).
In order to minimize the error introduced in the comparisons doing the data best fit, every case has been analyzed carefully. Since the only two parameters that vary along one orbit are the solar zenith angle and latitude, the same study has been done for both varying parameters, i.e., TEC versus solar zenith angle and versus latitude (Figures 5a and  5b, respectively) . This approach ensures that the results are consistent regardless of the representation. All data have been fitted with a second-degree polynomial. However, in some particular cases (e.g., orbit 9531 ( Figure 5) ), when the nightside and dayside fits were very different, the fit has been done only for solar zenith angles smaller than 100°. Figure 6 shows the results of these comparisons. The same procedure has been performed with subsurface data from Mouginot et al. and Cartacci et al.'s retrieval methods. In total, there were 458 AIS data points belonging to the 19 selected orbits (Table 1 ). The analysis confirms that the mean and median of the absolute differences between ionospheric data from AIS mode and Mouginot et al.'s subsurface data are very small, both for latitude and solar zenith angle configurations. The mean difference is less than 0.02 TECu, and the median difference is practically zero. The standard deviation of these differences is 0.12 TECu, consistent with the histogram shape and with the interquartile range. This means that the method of Mouginot et al. gives practically the same value as the topside ionogram MARSIS TEC. On the other hand, the absolute differences between topside ionospheric data from the AIS mode and Cartacci et al.'s subsurface data are higher by 2 orders of magnitude: an absolute difference of~0.35 TECu, equivalent to a relative difference of~35%, where Cartacci et al.'s values are higher. (Mouginot et al.) . Data have been split into three different solar zenith angle intervals: dayside in blue (60°< χ < 75°), dayside/terminator in red (75°< χ < 90°), and nightside in green (χ > 90°). The dashed black line shows the 1:1 dependence, while the solid black line represents a ratio of 1.4076 between the two data sets. (bottom) Same figure than before but only with the orbit 6458 shown in colors, while the rest of data (data from 18 orbits) is plotted in grey in the background. TEC is always represented in TECu.
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Model Comparison
A possible explanation for the discrepancy between the two subsurface data sets is the presence of secondary peaks below the main peaks. Since there are no coordinated observations that allow the estimation of these peaks, the use of a model is necessary. The subsurface data sets are compared with the NeMars empirical model [Sánchez-Cano et al., 2013] . NeMars models the dayside Martian ionosphere assuming that it is made of two layers. The upper layer is modeled based on the data from the Active Ionospheric Sounding mode of MARSIS instrument (and therefore is in excellent agreement with the AIS data by design) and the secondary one based on radio science data from the Mars Global Surveyor mission. In Figure 7 , three examples of NeMars electron density profiles have been plotted with their corresponding MARSIS AIS electron density profile. The final output is the electron density profile, which can be easily numerically integrated to obtain TEC. Since the main layer model is based on AIS data, the model was not compared with this data set because by design, a good agreement is expected. The model has been only compared with Mouginot et al. and Cartacci et al. TEC estimates to analyze if the contribution of the bottomside is the reason for the main difference between both subsurface algorithms.
TEC has been calculated with the NeMars model using the same values for solar zenith angle, solar activity, and heliocentric distance (inputs of the model) for the selected orbits. An example is shown in Figure 8 , where the TEC values are displayed together with the modeled TEC. The discrepancies have been quantified with another statistical study of the differences between both modeled TEC data and subsurface data ( Figure 9) . To see the effect of the solar illumination, data have been again split into three solar zenith angle intervals as in the previous section. The comparison has been carried out between the modeled TEC and the subsurface TEC data, Mouginot et al.'s panels A and C and Cartacci et al.'s panels B and D, in two of the three solar zenith angle intervals: dayside (60°< χ < 75°, panels A and B) and dayside/terminator Figure 5 ), which is that, close to the terminator, all data sets give a close and consistent value of the total electron content. For the range of 60°< χ < 75°, the ionosphere obviously has a significant effect on the signal dispersion, and as a result, the algorithms have pronounced difficulties to obtain the real TEC. This is supported statistically in 
Discussion
The total electron content (TEC) is a useful physical quantity for describing and monitoring the Martian ionospheric variability because it contains information on the total amount of free electrons. This parameter (Figures 6a and 6c ) Histograms of the absolute differences in TECu for the latitude as the varying parameter. (Figures 6b and 6d ) Histograms of the absolute differences in TECu for the solar zenith angle as the varying parameter. The vertical black line marks the zero difference. The analysis confirms that the absolute differences between ionospheric data from AIS mode (topside ionosphere) and Mouginot et al.'s subsurface data (full ionosphere) are practically nonexisting, being a clear inconsistency (Figures 6a and 6b) . The absolute differences between ionospheric data from AIS mode and Cartacci et al.'s subsurface data are higher (Figures 6c and 6d) . It seems more realistic, although it is known that this latest subsurface retrieval overestimates the dayside TEC. All signs seem to indicate that the maximum plasma frequency of the ionosphere is the key factor of this data set discrepancy. At nightside and in the dawn and dusk regions where there is low plasma ionization, the two algorithms are consistent. However, in the full dayside, the operational MARSIS frequencies (1.8, 3, 4, and 5 MHz, with a bandwidth of 1 MHz for each frequency) are very close to the maximum plasma frequency, which causes strong interferences in the returned signal from the surface of the planet and therefore could be a possible explanation for the nonagreement on the TEC value. Furthermore, while the physics that underpins both algorithms is the same, wave propagation in the ionosphere, the assumptions of each algorithm are different and could be the key to such TEC discrepancy.
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An important consideration is the possible overestimation of Cartacci et al.'s TEC. Their TEC is systematically the largest. They affirm that the Contrast Method somehow overestimates the results in the dayside [Cartacci et al., 2013] , appearing less reliable in this region of the ionosphere by a factor still to be quantified. In principle, Cartacci et al. suggest that their method yields an overestimation of the absolute value of a 2 (which is a parameter directly related to TEC) on the order of 1.5(f p /f 0 ) 2 , which for a plasma frequency of f p = 1 MHz and a carrier frequency of f 0 = 4 MHz, is about 10%. The work shown in this paper, however, indicates that at χ = 60°, the difference between Cartacci et al. value for some specific conditions, for example, the data from the orbit observed in Figure 4 (Mars Express orbit 6458). The Mouginot et al.'s TEC of this particular orbit is clearly different from the typical values for solar zenith angles higher than 75°, where both subsurface algorithms are more robust.
On the other hand, when TEC from the subsurface operational mode (entire ionosphere) is compared with TEC from AIS mode (only topside ionosphere), one expects that TEC from subsurface measurements will be higher. TEC estimates from AIS topside measurements ignore the bottom of the main layer and all of the secondary layer, which account for approximately 24-29% of the TEC (Figure 10a ). We would therefore expect the AIS topside TEC to be less than the actual TEC. However, it appears to agree with the result of Mouginot et al. as can be seen in Figure 6 . Is Mouginot et al.'s estimate too low or is the AIS topside too high? Does this good agreement mean that most of the TEC value is due to the ionosphere above the main peak? It is well known that the two main layers of the Martian ionosphere are similar to the E region of Earth's ionosphere, where the production of ions is equal to the ion losses due to photochemical equilibrium [Mouginot et al., 2008] . This fact would imply a fast decay of the electron density below the peak (see Figure 5 .5.1 of Rees [1989] ). However, on one hand, Cartacci et al. do not confirm this statement (Figure 6 ). Similarly, although the ionospheric variability is high, Mars Express radio occultation profiles show a clear contribution to the bottomside under the main peak [e.g., Withers et al., 2012] . On the other hand, as mentioned before, the estimated TEC contribution of the ionospheric bottomside by the NeMars empirical model is between 24 and 29% (Figure 10a ), which is not negligible. This percentage is the addition of the secondary layer, which contributes between 0 and 11% in TEC (Figure 10c ) and the contribution of the bottomside of the main layer, which is between 18 and 24% (Figure 10b ). This latest quantity is empirically represented in Figures 1, 5 , and 7, where the pink stars denote TEC of the main ionospheric layer (AIS data with Chapman layer fit for estimation of the bottomside) and the blue stars denote TEC only of the topside (just AIS data). The difference between these two sets of data is the TEC contribution of the main layer bottomside. The AIS TEC is only slightly higher than Mouginot et al.'s version when the bottomside is added in (pink stars). Is the model overestimating the bottomside? At this point, it is important to remember that NeMars is a semiempirical model created by fitting data and considering Chapman functions as the best representation of the ionosphere. The only inputs are the solar zenith angle, the solar activity, and the heliocentric distance. However, other factors like the ionospheric chemistry, neutral atmosphere, or other ionization sources like particle precipitation are not considered as inputs. This could yield in a variability below the main peak which could be not addressed by the NeMars model. If we assume that the topside sounder provides correct values and that the contribution to the TEC of the bottomside is not negligible (on the order of 24-29%, Figure 10 et al. [2011, 2013] . This model calculates the density, velocity, and temperature of the chemical ionospheric species as a function of the altitude, latitude, and time.
The model-data comparisons showed that in general, there is a reasonably successfully agreement in morphology patterns. However, from Figure 9 of Mendillo et al. [2013] , some specific differences can be inferred. For subsurface measurements at latitudes between 10 and 20°N, the agreement is excellent for local times between 8 and 24 h but not for local times on the nightside between 0 and 8 h, where the model underestimates the TEC by a factor up to 0.4 TECu. This may be due to the model not accounting for electron precipitation on the nightside. On the contrary, for latitudes between 70 and 80°N, the model outputs overestimate the subsurface Mouginot et al.'s TEC for all local times; the difference on the nightside can be up to 0.3 TECu higher. As discussed by Fox [2009] , the reason could be the horizontal winds at these latitudes. Moreover, in the same figure, the model TEC is compared with latitude for two specific intervals of local time. Again, the agreement in general is quite good, with an exception in the south hemisphere between 30 and 70°, where the model overestimates TEC by a factor up to 0.3 TECu. Therefore, does it mean that in some of these cases, where the model overestimates Mouginot et al.' s TEC, the model is in agreement with Cartacci et al.? Additionally, the model of Mendillo et al. [2011] and Mouginot et al.'s TEC have also been successfully compared with radio occultation data. Particularly, Figure 8 of Mouginot et al. [2008] shows a comparison of their TEC with radio science measurements obtained by other missions like Mariners, Mars, Vikings, Mars Global Surveyor, or Mars Express. The agreement is very good since most of the data were taken for high solar zenith angles, with the exception of TEC from Mariner 9, where there is a difference at solar zenith angles of 50°o f around 0.3 TECu, although this could be due to differences in solar activity conditions. However, it is important to consider that the topside shape of the electron density profile from radio occultation and from the MARSIS radar is different (see Figure 3 of Morgan et al. [2008] and Figures 3 and 4 of Sánchez-Cano et al. [2012] ), being correctly reproduced with a constant neutral scale height (like the normal Chapman profile) in the case of radio occultation and with an altitude-variable neutral-scale height in the case of MARSIS radar [Sánchez-Cano et al., 2013] . Although this main discrepancy can in principle be attributed to the differences in accuracy between the two techniques , it could also be a consequence of different geometrical assumptions for the atmospheric stratification. Furthermore, the MARSIS radar provides measurements specific to a particular vertical raypath, while radio occultation requires integration along a horizontal path that may sample widely differing conditions and requires many corrections, such as the Earth's ionosphere-troposphere contribution or the trajectory of the signal in the solar wind. A typical radio occultation profile can be fairly well represented with a Chapman layer (constant neutral scale height), which clearly differs from MARSIS AIS profiles (see Figure 13 of Němec et al. [2011] , where the derived neutral-scale height is seen to vary with the solar zenith angle). Therefore, topside TEC from both kinds of profiles should be different.
Since the comparison between both MARSIS operational modes (AIS and subsurface) cannot be direct because AIS does not provide any information of the bottomside, it was decided to use an empirical model to describe the bottomside. An empirical model was chosen instead of a photochemical or a numerical one because this kind of model is based on the behavior of real data. Although there is a potential uncertainty in this approach which is introduced by the uncertainty in the bottomside profile, we consider that this is the closest approach to reality.
A clear outcome of this work is the need for investigating the sources of discrepancies between the various data sets. It is important to consider that the uncertainty of each TEC processing technique could be a key point to mention. Up to now, this parameter has not been reported for the MARSIS data acquired in the subsurface mode, although Mouginot et al. [2008] reported that the TEC derivation sensitivity at day and at night depends on the operational frequency of MARSIS and is about 3.8 · 10 14 and 1.5 · 10 14 m À2 , respectively (0.038 and 0.015 TECu, respectively). This TEC sensitivity is based on the signal power loss of 1 dB compared to the best correction used in their method. However, one can look at uncertainties estimated on analogous measures at Earth. This technique has been widely used in the study of the global vertical TEC in the Earth's ionosphere from altimetry missions such as TOPEX/Poseidon ( JASON-2 (2008 until now), or JASON-3 (planned for launch in 2015) during the last two consecutive solar cycles. These missions were designed for accurate measurements of sea surface height, which requires the removal of the ionospheric delay imposed on the altimeter, resulting in TEC measurements between the sea surface and the satellite orbit altitude as a by-product of the satellite mission [Fu et al., 1994; Codrescu et al., 1999] . Therefore, the physics involved in the TEC retrieval is exactly the same as in the case of MARSIS, with the exceptions that on Earth, the frequencies used are much higher (e.g., 13.6 GHz for TOPEX) and that the amount of ionization on Earth can be up to 2 orders of magnitude higher. As in the case of both retrieval techniques of MARSIS studied in this paper, TOPEX and JASON's satellites should give similar results for TEC. The general conclusion is that TOPEX and JASON-1 are almost identical [Yasyukevich et al., 2010] at least to within ±5 TECu (or within 10%), which is not statistically very meaningful in the case of Earth [Jee et al., 2014] . Also, Ping et al. [2004] , in the validation of JASON-1 by comparison of these data with global ionosphere maps from GPS data and with the empirical model International Reference Ionosphere (IRI) [Bilitza, 2001] for the first 2 years of JASON-1, concluded that the bias could be systematic at about 1.4 TECu, which is again statistically insignificant. Therefore, in our case after extrapolation to Mars, can the differences between the two subsurface retrieval techniques be considered statistically insignificant?
Regarding the Active Ionospheric Sounding Mode, the basic unit is the MARSIS ionogram, which consists of an array of received power plotted as a function of the sampled sounding frequencies and delay times. Following the routine inversion explained at, e.g., Sánchez-Cano et al. [2012] or Morgan et al. [2013] , a topside vertical electron density profile is retrieved once the MARSIS ionogram has processed. The uncertainty in the local plasma frequency is typically 3% or less, while the uncertainty in altitude is 6.9 km, which is approximately 10% of the ionospheric peak altitude [Morgan et al., 2008 . In addition, the manual or automatic scaling of the ionograms could lead to an additional error of about 10%. Moreover, other kinds of errors can be included in AIS and subsurface MARSIS data processing due to their own technique characteristics: since subsurface works better on the nightside because the carrier frequencies are much higher than the plasma frequency, the degree of reliability in the dayside has to be lower because the MARSIS frequencies are very close to the maximum plasma frequency. On the other hand, the AIS mode is very accurate on the dayside as this mode was specially designed for this end. Therefore, the best comparison between the two MARSIS modes is at the terminator, and indeed, this is where the best agreement is found.
In addition, we must take into account the following assumptions. First, the low-limit plasma detection by MARSIS in the AIS mode is as low as 1.24 · 10 8 m À3 (corresponding to a plasma frequency of 0.1 MHz) . Second, a good local plasma density determination at the spacecraft altitude is essential for the electron density profile acquisition. Consequently, a good method of identification of the local plasma frequency is a key factor [Andrews et al., 2013] . Third, this study has been based on the assumption that all the analyzed TEC (from both modes) is due to the ionosphere underneath the spacecraft. However, the MARSIS measurements are usually taken between 1200 km and 275 km (orbit pericenter). This means that when the spacecraft is at the pericenter, the ionospheric plasma under the spacecraft corresponds to the 95-98% of the total. Therefore, there is 2-5% of the ionosphere above the spacecraft that it is not analyzed either in subsurface or AIS operational modes. On the contrary, the TEC from NeMars model is calculated for a constant altitude interval of 50-400 km.
Conclusions
Due to the usefulness that the total electron content has in ionospheric characterization and monitoring, it is important to understand the available data sets. Following a critical assessment of those estimates with the MARSIS instrument, we can conclude that 1. Data from the nightside and terminator, χ > 75°, regions can be confidently used since the differences among all data sets are less than 0.2 TECu. 2. On the dayside, χ < 75°, we recommend caution with the use of the subsurface data values. The differences between both subsurface algorithms on the dayside can be up to 1 TECu around 60°solar zenith angle and by 0.3 TECu in average. At least, an error bar between 0.3 and 1 TECu should be considered. The method from Mouginot et al. gives the same value as the topside sounder which could be explained only with a fast-decaying ionization layer below the main peak. The method from Cartacci et al. seems to be more consistent with topside sounder at the smaller solar zenith angles.
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In order to fully address the issue shown in this paper, it is recommended that future analyses include (1) further comparisons with the SHARAD radar data aboard Mars Reconnaissance Orbiter [Campbell et al., 2014] , (2) additional comparisons with Mars Express radio occultation data [Peter et al., 2014] , (3) numerical simulations of the radar wave propagation, and (4) testing of the retrieval technique stability and sensitivity.
